Fulvic acid (FA) and superabsorbent polymer (SAP) are widely applied to improve crop growth and yield under water deficit conditions, but little is known about the changes in crop physiological parameters related to water deficit tolerance when SAP and FA are combined. A pot test with maize (Zea mays L.) plants was conducted to examine the combined effect on photosynthesis, leaf water, proline, and growth under soil water deficit. Maize plants were subjected to two soil moisture conditions at the late crop growth phase: water deficit (WD, 50% field capacity) and well-watered (WW, 80% field capacity). The SAP (4.5 g m -2 ) was mixed into the soil layer at sowing and the FA solution (2 g L -1 ) was sprayed twice during water control. The combined application significantly improved maize grain yield under both watering conditions. The net photosynthesis rate, intrinsic quantum yield, fluorescent parameter (Fv/Fm), and chlorophyll content all improved with the combined application under both watering regimes. The compensating effect of combining chemicals on yield and photosynthesis parameters was higher than when applied alone under the two watering conditions. For prolonged and WD conditions, leaf proline and water content were higher under the combined treatment than when used separately. Under the WD conditions treated with FA and SAP, Fv/Fm had positive significant correlations with leaf water content and osmotic potential; leaf proline did not show any correlations with either the osmotic potential or leaf water content. This result demonstrated that SAP and FA could be combined to maintain high leaf proline and improve photosynthesis to mitigate adverse effects of moderate water storage on maize growth.
INTRODUCTION
Water deficit is the main environmental factor affecting crop production worldwide; therefore, it is important to mitigate such a deficit to enhance crop yield (Cattivelli et al., 2008; Anjum et al., 2011) . Maize (Zea mays L.) is cultivated in a wide range of climates and soils in China. It is currently grown as a dominant crop in central Inner Mongolia in northern China and has a drought index > 3. Precipitation is unpredictable in this region, which receives 250 to 400 mm annual rainfall; approximately 60% of annual precipitation is lost through evaporation, leaving only 25% to 33% for crop growth (Yang et al., 2017) . Crop growth thus heavily depends on irrigation from limited water resources. Additionally, the soil in this area has poor water-holding capacity because of low clay content and limited organic matter content; irrigation water therefore rapidly percolates below the root zone (Li, 2003; Yu et al., 2017) .
RESEARCH
The superabsorbent polymer (SAP) has a three-dimensional network structure containing hydrophilic functional groups and ionized ions on its surface (Moini and Kabiri, 2015) . It can retain as much as 100 to 1000 times its own weight in water by an osmotic potential gradient between the inside and outside of the membrane. The SAP increases waterretention ability under dry conditions in low clay content soils more than in high clay content soils . The application of superabsorbent hydrogel to soil promotes irrigation water-use efficiency because of its repeated absorption of soil water and slow release to the crops (Koupai et al., 2008; Liao et al., 2018a) , and it reduces crop damage caused by soil water shortage (Khadem et al., 2010; Yang et al., 2014; Cao et al., 2017) . Fulvic acid (FA) is a multifunctional growthregulating compound similar to antitranspirants and auxins (Anjum et al., 2011; Zhang et al., 2016; Yang et al., 2017) . It has been widely applied to field crops, horticultural plants, and trees in China for over 20 yr (Aggag et al., 2015; Lotfi et al., 2015) . Spraying with FA has the potential to reduce water losses by decreasing leaf stomatal transpiration (Li et al., 2005; Calvo et al., 2014) , improve plant drought tolerance, and increase crop water-use efficiency (Faralli et al., 2017; Yang et al., 2017) . The FA application in wheat increased water uptake by improving root hydraulic conductance and cell membrane permeability (Delfine et al., 2005) , and plant adaptability to soil water deficit was enhanced.
Photosynthesis-related parameters such as net photosynthetic rate, chlorophyll content, and fluorescence parameter (Fv/Fm) are the basis for crop growth and yield; these metrics are used to screen the recovery of plants subjected to soil water shortage (Lotfi et al., 2015) . In addition, plants growing under soil water deficit conditions produce proline to overcome cell dehydration (Ashraf et al., 2011) . Under moderate soil water deficit conditions, soil SAP application indirectly promotes photosynthesis (Hartwigsen and Evans, 2000) , increases chlorophyll levels (Najafinezhad et al., 2015) , and also improves leaf water status . In maize, FA spraying increased leaf proline, net photosynthetic rate, and chlorophyll levels under drought conditions (Anjum et al., 2011) . Foliar application of FA to tomato plants increased osmotic potential and leaf tissue water content under soil water shortage conditions (Aggag et al., 2015) . Leaf proline and photochemical quantum efficiency were greatly improved by spraying FA on the wheat canopy (Lotfi et al., 2015; Maibodi et al., 2015) .
Few recent studies have demonstrated that combining FA and SAP has favorable effects in plants by improving crop production under low rainfall conditions. Yang et al. (2017) tested the combined use of SAP and FA and concluded that it improved maize plant water-use efficiency under moderate drought conditions. Liao et al. (2018b) showed that combining FA and SAP reduced water loss and increased root water uptake in a rainfed soil-maize system, mainly by combining the regulation of exogenous hormones and root length. However, the study of the combined effect of the FA and SAP treatment on plant physiological parameters related to water deficit tolerance was negligible. The objective of this study was to determine the response of plant photosynthesis and leaf water relationships to FA and SAP treatments under moderate soil water deficiency.
MATERIALS AND METHODS

Study site and crop growth conditions
A field-based maize plant pot test was conducted at the Helin Experimental Station for Water-Saving and Irrigation, Inner Mongolia (40°16' N, 111°46' E; 1130 m a.s.l.), P.R. China in 2015. The highest, lowest, and mean annual temperatures at the site were 37.5, -34.5, and 5.6 ℃, respectively. Annual pan evaporation and rainfall were 1850 mm and 395 mm, respectively. Total rainfall was 365 mm and mean temperature was 20.0 °C during the plant growth period from 22 May to 10 October; these were based on records from a weather station near the experimental field.
The pots (28 cm height, 33 cm inner diameter) were sealed with permeable plastic film at the bottom and filled with 18.7 kg air-dried soil. Before sowing, 4 L local groundwater was used to irrigate each pot. Pots were then buried in the soil so that the tops were level with the field. Prior to filling the pots, each batch of soil was evenly mixed with 11.0 g compound fertilizer (N:P2O5:K2O = 26:14:6). Pots were divided into the two groups of without SAP (superabsorbent polymer) and with SAP. For the SAP group, 0.9 g SAP was added to the upper 5 cm soil layer (equivalent to 4.5 g m -2 ). Three maize seeds ('Jidan No. 502') were sown in each pot at a 5 cm depth. When the plants had germinated and grown to the three-leaf stage, two plants were removed. At the bell stage, 6.9 g common urea and 12.3 g potassium sulfate were applied to the pots. A shelter with plastic material was used to protect the pots from the rain.
Materials
The SAP used in the study (Chang'an Group Co. Ltd., Dongying, China) was a particulate organic material with a 0.4 to 1.5 mm particle diameter and 200 g g -1 maximum deionized water absorption ratio. It was composed of 70% negatively charged acrylic-acrylamide polymers with 20% hydrolysis synthesized with 30% attapulgite. Fulvic acid (FA) has the same behavior toward antitranspirants and auxins (Anjum et al., 2011; Zhang et al., 2016; Yang et al., 2017; Liao et al., 2018a) ; supplies were obtained from the Huitong Handilong Humic Acid Co., Ltd., Xinjiang, China. Soil was collected from the top 20-cm depth in the experimental field. Soil texture is classified as sandy loam. The organic matter was 2.54 g kg -1 , and available N, P, and K were, 84.3, 5.1, and 34.5 mg kg -1 , respectively.
Experimental design
There were eight treatment combinations in the present study. The factorial treatments were conducted by combining two water supply groups, well-watered (WW) and water deficit (WD), two soil amendments, without SAP or with SAP application, and two foliar treatments, without FA or with FA spraying, with six replicates for each treatment. The experiment was performed with a completely randomized design, and the WW group without the combined FA and SAP treatment was considered as the control (CK). Prior to the water treatment, all plots were regularly irrigated until heading. Plants for the without SAP and with SAP groups were grown under WD (50% field capacity) or WW (80% field capacity) conditions from the heading stage (8August) to the grain fill stage (4 September). After this water treatment, all plants were well-irrigated until harvest. The amount of water provided was based on the difference in pot weight; pots were weighed every 2 or 3 d at 18:00 h. For each treatment, local groundwater was supplied to the pots as needed to maintain the desired moisture levels during the water treatment period. After the water treatment, all plants were normally watered until harvest. The change in daily evapotranspiration during the water treatment period for each treatment is shown in Figure 1 . The FA was dissolved in distilled water to the appropriate concentration (2 g L -1
) according to author recommendations (Celik et al., 2010; Suh et al., 2016; Zhang et al., 2016) . The FA solution was sprayed on plant leaves (100 mL per plant) with a hand-held power sprayer 2 and 9 d after implementing the water treatment. Plants without the FA application were sprayed with an equal amount of distilled water.
Light response curve
On the second day following the end of each experimental period (5 September), three leaves were selected from plants in each treatment to perform a light response curve. The net photosynthetic rate (Pn) was measured at 2000, 1800, 1500, 1200, 1000, 800, 600, 400, 200, 100, 50, 20, and 0 μmol (quantum) m -2 s -1 photosynthetic photon flux density (I) with a portable photosynthesis system (ADC Bioscientific Ltd., Hoddesdon, UK) at 399 ± 1 μmol mol -1 CO2 concentration and where Pn is the net photosynthetic rate, I is the photosynthetic photon flux density, parameters α, β, and γ are the coefficients that are not correlated with I, and Icp is the light compensation point. Maximum net photosynthetic rate (Pn (max)), light saturation point (Isp), dark respiration rate (Rd), and intrinsic quantum yield (Qy) were estimated by fitting the curve. Fitting the Pn to I curve was performed by Microsoft Excel 2010 (Lobo et al., 2013 ; http://photosynthetic.sinaapp.com/calc.html). Figure 1 shows that at 12 d (first sampling) and 18 d (second sampling) after implementing the water treatment, plants from each treatment were selected to measure the chlorophyll content and fluorescence parameters. Total chlorophyll content (Chl a+b) from the upper, middle, and bottom of the leaves of three plants was measured with a CCM-300 detector system (Opti-Sciences Inc., Hudson, New Hampshire, USA). Chlorophyll fluorescence was also determined with a pulse modulated fluorometer OS-5p (Opti-Sciences), and the ratio of variable fluorescence (Fv) to maximum fluorescence (Fm) was determined with a leaf that had been dark-adapted for 20 min. A red LED (light-emitting diode) was used as the light source. Modulation intensity and detector gain were maintained at 16 and 5, respectively.
Chlorophyll fluorescence
Leaf water parameters and proline
The samples used to determine leaf relative water content (RWC) were wrapped in aluminum paper and then transferred to liquid nitrogen for storage until measurement. They were subsequently used to measure leaf osmotic potential (Ψπ) according to the protocol described by del Amor et al. (2010) . Leaf RWC was estimated with fresh samples, approximately 1.00 g fresh leaf sample (W1) was placed in distilled water to obtain the saturation weight (W2) and dried at 75 °C for 24 h to obtain dry mass (W3). The RWC was calculated as
On the sampling day, approximately 0.50 g leaf tissue was used for soluble proline extraction and measurement based on procedures specified by Bates et al. (1973) .
Yield components
At plant physiological maturity, plants from each individual treatment combination were collected and analyzed to calculate aboveground dry biomass, yield, and yield components. Aboveground tissues were oven-dried at 75 °C for 72 h. Grain water content was measured by oven drying 100 g kernel at 105 °C for 24 h.
Statistical analysis
All data for each sampling for the eight treatments were subjected to ANOVA using a three-factor completely randomized design. Differences in each parameter for each sampling were compared by Duncan's test at α = 0.05 with the SPSS software package (version 19.0; IBM, Armonk, New York, USA).
RESULTS
Light response properties
The regression equation provided a good simulation of the relationship between Pn and I under two watering regimes treated with FA and SAP (R 2 = 0.98-0.98; Figure 2 ). Therefore, the equation could be used to estimate the photosynthesisrelated parameters by fitting the curve. Based on the ANOVA, soil moisture, soil SAP, and foliar FA had significant main effects on Pn(max), Isp, Rd, and Qy. Interactive effects of FA and SAP on photosynthetic parameters under WW or WD conditions were nonsignificant. Under both watering regimes, Pn(max), Rd, and Qy showed a generally increasing trend; Isp showed a decreasing trend while maintaining optimal Icp (Table 1) . When comparing CK under WD conditions, Pn(max) decreased by 28.1% and 33.9% in plots treated with FA or SAP, respectively, and decreased by 16.4% in plots treated with both chemicals. When comparing control plots under WW conditions, Pn(max) was unchanged when FA or soil SAP were
provided as a foliar treatment. The Qy values improved by 26.7% and 25.4% in plots treated with FA or SAP, respectively. In contrast, the combined use of both chemicals significantly improved Pn(max) by 29.3% and Qy by 46.7% when compared with the control plots under WD conditions. The combined effect on photosynthesis of these two chemicals was also greater compared with the effects when applied alone. Using both FA and SAP significantly improved Rd by 39.3% under WW conditions and 20% under WD conditions. Under the WD conditions, Isp values decreased by 18% and 9% in the combined FA and SAP treatments, respectively, compared with the control plots and FA spraying alone. However, Isp in the FA, SAP, and combined treatments were nonsignificant under WW conditions. 
Leaf water and proline
Based on the ANOVA (Table 2) , soil moisture and SAP showed significant main effects (P < 0.05) and interactions between these parameters. Soil moisture and FA had significant main effects on Ψπ and RWC (except for 12 d after starting CK); soil moisture and SAP with FA revealed interactions on Ψπ. When these two chemicals were not added, and compared with the WW group (CK), Ψπ and RWC significantly decreased by 21.4% and 11.7%, respectively, at 12 d after being subjected to the WD treatment, and by 26.7% and 14.2%, respectively, at 18 d after being subjected to the WD treatment. Fulvic acid and SAP alone or combined had no effect on Ψπ and RWC after 12 and 18 d of WW. When WD was established until day 12 or 18, the RWC levels significantly improved by 15.1% and 12.8% after the combined treatment, respectively, compared with the untreated control plants; these increases were higher than when either treatment was used alone. After 12 or 18 d of WD, and in the absence of the two chemicals, proline levels increased by 90.7% and 100.8%, respectively, compared with the WW group (CK). When compared with CK at 12 or 18 d after being subjected to WD, leaf proline increased by 1.26 and 1.55 times with the FA application alone, 1.1 and 1.3 times when applying SAP alone, and 1.52 and 1.85 times, respectively, when applying both chemicals. After 12 d of WD and compared with the control plants, leaf proline levels increased by 39.2% in the FA only spraying and 23.9% in the combined FA and SAP treatment. For a prolonged duration and under WD conditions (18 d), the combined use of both chemicals significantly increased proline by 30.1% compared with the SAP treatment alone and 13% compared with the FA treatment alone. In contrast, after 12 or 18 d under WW conditions, proline levels were not significantly different between FA and SAP treatments alone or combined. For the two samplings (12 d and 18 d water control), Fv/Fm was significantly associated with RWC and Ψ π (R 2 = 0.55 and 0.38, P < 0.05, respectively) under WD conditions with FA and SAP alone or combined, but there were nonsignificant correlations between Ψπ and proline or between RWC and Ψπ.
Yield components
When the treatment did not include the two chemicals, yield was 37% lower in the WD group than in the WW group (CK) (Figure 6 ). Compared with CK, yield under WD conditions treated with FA or SAP alone decreased by 26% and 32%, respectively. However, yield decreased by 20% under WD conditions when treated with combined FA and SAP and compared with CK. Fulvic acid spraying alone led to a 13% shoot biomass increase under WW conditions but did not change biomass under WD conditions. Under WW conditions, FA and SAP used alone had no effect on yield and yield components under WW conditions; the combined application increased yield (12.3%) and grain weight (16.5%). In contrast, both chemicals combined increased yield (19.1%) and number of grains (23.1%) under WD conditions. Under WD conditions, yield in the combined treatment was 14% and 7% higher than with SAP and FA alone. 
DISCUSSION
Foliar FA or soil SAP alone significantly increased in Pn(max) and Qy under two watering conditions. This observation is similar to previously reported findings (Anjum et al., 2011; Mao et al., 2011) . The combined treatment under two soil water regimes significantly improved Qy and Pn(max) ( Table 1) . Plant capacity to absorb light increased Qy in plots treated with the chemicals. However, the compensating effects of combining FA and SAP on Pmax and Qy under WD conditions were higher than under WW conditions. Therefore, the use of both FA and SAP is more valuable and effective under dry conditions. It was concluded that combining the two chemicals could mitigate the effects of soil water deficit in plants when compared with using either chemical alone. In a pot experiment with maize plants, Yang et al. (2017) found that the combined use of FA and SAP effectively maintained a high net photosynthetic rate and decreased leaf stomatal transpiration under drought conditions. The first of two possible mechanisms for these is that SAP improves water-holding capacity in water deficient soils, maintains better soil water status around the roots , and allows easier uptake of mineral nutrients and water by the roots and transportation to the shoot (Celik et al., 2010) . Root water uptake was significantly improved when the two chemicals were applied to maize plants under low rainfall conditions (Liao et al., 2018b) . Secondly, foliar FA spraying improves the diphosphate ribulose carboxylase and oxygenase levels of the photochemical reaction (Canellas et al., 2015) ; photosynthesis and yield are therefore enhanced (Calvo et al., 2014) . Zhang et al. (2016) reported that foliar FA was more useful under relatively good soil moisture conditions and improved the photosynthetic rate and plant growth. The F v/Fm ratio is a parameter to evaluate potential photochemical conversion efficiency of photosystem II. As Fv/Fm levels lower, the degree of inhibition of photosynthetic efficiency becomes more obvious (Singh and Reddy, 2014) . Fulvic acid spraying improved the Fv/Fm ratio under both watering regimes (Figure 4) . These results are similar to those obtained by Lotfi et al. (2018) , who also reported that FA spraying improves Fv/Fm and the performance index of rapeseed plants under WD and WW conditions. It also increased photosynthesis. The Chl (a+b) content under both moisture conditions did not significantly change when FA was applied alone (Figure 3 ). Few studies show that foliar FA spraying has little effect on Chl (a+b) content (Goreta et al., 2007; Celik et al., 2010; Yang et al., 2019) . However, Anjum et al. (2011) demonstrated that Chl (a+b) in maize plants significantly improves by FA spraying under WD and WW conditions. Possible reasons for these differences are related to the time and rate of FA application (Calvo et al., 2014) . The addition of SAP to soil significantly improved Chl (a+b) under both moisture regimes. This finding is also similar to previous reports (Koupai et al., 2008; Celik et al., 2010) . Under the two watering regimes, Fv/Fm and Chl (a+b) exhibited an increasing trend for the combined treatment when compared with individual applications of either chemical. The combined application of FA and SAP was more beneficial for protecting the chloroplast structure and electron transport chain from water deficit. Soil moisture improved even under drought stress conditions in plants sprayed with SAP, while foliar FA spraying improved plant Chl (a+b) (Khadem et al., 2010) . The mechanism for this phenomenon is potentially related to maize N uptake (Calvo et al., 2014) . Nitrogen contents in maize plant roots increased in a dryland cropping system involving FA and SAP application (Liao et al., 2018b) .
The improvement in proline levels contributes to osmotic adjustment in the cytoplasm and/or plant chloroplasts (Farooq et al., 2009 ). This active responsive mechanism improves plant tissue water, mitigates dehydration-induced physiological/biochemical damages, and enhances plant survival under drought conditions (Campos et al., 2004; Mahajan and Tuteja, 2005) . However, this effect only occurs when leaf turgor is maintained within a critical range (del Amor et al., 2010) . It has been reported that cells increase the amount of proline only when plant tissue hydration decreases from approximately 70% to 75% of RWC (Good and Zaplachinski, 1994) . After 18 d of WD, FA caused a significant increase in proline levels and Ψπ when RWC was < 70% (Table 2, Figure 5 ). This result was not entirely in accordance with previous results obtained using pot experiments. Foliar FA spraying resulted in a large increase in RWC and proline in maize plants under drought conditions, while 60% RWC was more favorable to proline accumulation (Anjum et al., 2011) . In potato plants, RWC and leaf proline did not respond to FA under slight water deficit, but they significantly increased at a low irrigation level (Aggag et al., 2015) . A pot test with pepper plants found that spraying a foliar antitranspirant did not affect proline and RWC after severe drought stress, whereas it increased in both parameters after a moderate water deficiency treatment (del Amor et al., 2010) . It was suggested that leaf proline accumulation in plants treated with FA is possibly specific to the crop type and severity of water deficiency (Goreta et al., 2007) .
Applying SAP to the soil had no effect on proline under drought and well-watered conditions (Table 2) . Maize plants can show a better adaptation to soil water deficit after SAP application when good soil moisture and leaf water potential are maintained (Najafinezhad et al., 2015; Cao et al., 2017) .
Under prolonged WD conditions, RWC and proline were higher under the SAP+FA treatment than when used alone; this also indirectly improved the photosynthetic efficiency of photosystem II. A possible cause for this was the fact that two leaf water and proline measurements were performed when the plants were subjected to severe water shortage ( Figure  1 ). In the later crop growth stage, plants growing under water deficit conditions are affected by severe cell dehydration and plant tissue wilting due to a rapid decrease in RWC and Ψπ, which is not favorable for leaf proline accumulation when RWC is < 70% (Good and Zaplachinski, 1994) . The SAP application to the soil increases leaf RWC and water potential under drought conditions and also increases crop water consumption . Fulvic acid spraying limits SAPinduced water loss in a soil-maize system by decreasing leaf stomatal conductance under drought conditions (Yang et al., 2017) . This favorable regulation improved soil moisture and maintained suitable RWC to lessen plant dehydration ( Figure  5) ; it has the potential to trigger leaf proline to improve plant survival.
Increased yield was largely attributed to an increase in the number of grains when FA and SAP were applied together in maize ( Figure 6 ). This could be closely related to pollen viability as well. Weerasinghe et al. (2016) tested an antitranspirant spray in plants during the reproductive phase under WD conditions and observed increased pollen viability and grain setting. Increased yield under the WW condition with FA and SAP application was mainly due to an increase in grain weight. Crop growth and physiological performance were acceptable under WW conditions (Figures 2-5) . Therefore, yield can be higher in plants under these conditions ( Figure 5 ). By using the two chemicals and good water irrigation, crops can attain high chlorophyll content and photosynthetic efficiency (Figures 3 and 4) . As a result, grain filling characteristics are more likely to be positively reflected in the yield. Zhang et al. (2016) found that FA spraying improved grain filling and increased grain weight of wheat grown under well-irrigated conditions. Therefore, two mechanisms contribute to improved yield under contrasting soil moisture conditions, that is, when treated with FA and SAP. Yield under WW conditions treated with these two chemicals was lower than when treated with them under WD conditions. When compared with CK treatment, a possible cause for increases in net photosynthetic rate and photosynthetic efficiency of photosynthetic system II under WD conditions when treated with FA and SAP is that they were higher than under WW conditions treated with FA and SAP (Table 1) . Therefore, soil SAP combined with foliar FA spraying would be more important and beneficial to improve photosynthesis and production under WD conditions. 
CONCLUSIONS
The application of both superabsorbent polymer (SAP) and fulvic acid (FA) significantly increased maize yield under water deficit (WD) and well-watered (WW) conditions; these increases were greater than increases achieved by applying them alone. Increased yield under WD conditions treated with FA and SAP was largely attributed to the increased number of grains. Regardless of the watering regime, the combined use of both chemicals improved the net photosynthetic rate and chlorophyll level, thereby enhancing potential photosynthetic efficiency of photosystem II. Leaf proline and water content improved under WD conditions when treated with these chemicals. It is suggested that the combined use of SAP and FA could be incorporated in maize production practices to maintain high leaf proline levels and improve photosynthetic efficiency to achieve higher yields even under water deficit conditions.
